. Therefore, our previously published data on the effects of NSAID on TRPC like channels in the isolated rat glomeruli, along with this current investigation on the cultured overexpressed mammalian cells, allows hypothesizing that TRPC6 channels may be a target for NSAID that can be impor tant in the treatment of FSGS.
Urine formation begins with glomerular filtration, that is, the transport of filtered substances from glom erular capillaries to the Bowman's capsule. The glom erular filtration barrier consists of the fenestrated endothelium of capillaries, basal membrane covering the external surface of capillaries, and podocytes. The foot processes of podocytes with interweaving finger like processes are in close contact with the basal mem brane and form slits and slit diaphragms performing filtration. The disturbances in the structure of podocytes and the interaction between their foot pro cesses and the basal membrane result in the loss of functionality of the filtering apparatus [1] and, conse quently, in the respective kidney diseases.
TRPC6 protein is a member of the family of TRPC (transient receptor potential canonical) channels expressed in different organs, including heart, brain and kidney, where these channels are involved in the transport of cations to specialized cells. The critical significance of TRPC6 localized in the podocytes for regulation of glomerular functions and, accordingly, for formation of the glomerular filtrate has been shown in several laboratories. It has been found that certain mutations of the gene encoding this channel result in the development of family focal segmental glomerulo sclerosis (FSGS) [2] [3] [4] . Figure 1 shows the normal morphology of rat glomeruli (Fig. 1a) and the mor phology with the typical signs of this disease developed as a result of hypertension induced by a high salt diet (Fig. 1b) . Histology reveals the regions of sclerotiza tion within the affected glomerulus and fusion of the glomerulus with the wall of Bowman's capsule. In the Dahl SS (Salt Sensitive) rats used to obtain Figure 1 , hypertension and the associated kidney diseases are developed within a few days feeding a high salt diet. This rat strain is successfully used for studying various cardiovascular and kidney diseases [5] [6] [7] [8] .
Non steroid anti inflammatory drugs (NSAIDs) are extensively used in medicine and scientific Abstract-Family focal segmental glomerulosclerosis (FSGS) is characterized by sclerosis and hyalinosis of particular loops of glomeruli and is one of the causes of the nephrotic syndrome. Certain mutations in the structure of TRPC6 channels are the genetic impetus for FSGS development resulting in podocytes func tional abnormalities and various nephropathies. We have recently demonstrated that non steroid anti inflammatory drugs (NSAID) ibuprofen and diclofenac decrease the activity of endogenous TRPC like cal cium channels in the podocytes of the freshly isolated rat glomeruli. It has also been shown that TRPC6 chan nels are expressed in the podocytes. In the current study we have functionally reconstituted TRPC6 channels in mammalian cells to investigate the effects of diclofenac on the activity of wild type TRPC6 channel and TRPC6 P112Q channel containing a mutation in the N terminus that was described in FSGS patients. Intrac ellular calcium level measurements in transfected cells revealed a more intensive carbachol induced increase of calcium concentration in HEK 293 cells expressing TRPC6
P112Q versus the cells expressing wild type TRPC6. We also performed patch clamp experiments to study TRPC6 channels reconstituted in Chinese hamster ovary (CHO) cell line and found that application of diclofenac (500 µM) acutely reduced single channel activity. Preincubation with diclofenac (100 µM) also decreased the whole cell current in CHO cells overexpressing TRPC6 research as inhibitors of the cyclooxygenase pathway of arachidonic acid metabolism. In clinical practice, they are used for the states associated with acute and chronic inflammation, pains, and decrease in blood coagulation. In addition, the role of NSAIDs in addi tional therapy for FSGS has been shown [9, 10] . How ever, the precise mechanism of their action is still unclear. Moreover, NSAIDs are rather rarely used for the treatment of kidney diseases as they cause various side effects.
Previously it has been shown that NSAIDs can influence the activity of different types of ion channels [11] [12] [13] . In addition, their effect on the activity of kid ney ion channels has been described, including the regulation of epithelial sodium (ENaC), potassium and chloride channels [14] [15] [16] . Recently, after devel oping the new approach to registration of ion currents in the podocytes of isolated native rat glomeruli, we have described the decrease in the activity of TRPC channels under the influence of NSAIDs. Using the patch clamp method, we have shown that the two structurally independent NSAIDs (diclofenac and ibuprofen) have significant inhibitory effects on the native TRPC channels in the podocytes of isolated glomeruli [17] . However, due to the absence of specific blockers of TRPC channels, our studies ex vivo do not allow us to exactly determine the channel specificity. Since we and other researchers [17] [18] [19] have shown that several types of TRP channels, including TRPC3 and TRPC6, are expressed in the podocytes, our task was to study the short and long term effects of NSAIDs on TRPC6 channels. In addition, we used the mutant variant TRPC6
P112Q
. Substitution of pro line 112 for glutamine in the channel structure was described in FSGS patients. This mutation results in enhancement of channel activity in the plasma mem brane and increase in angiotensin dependent calcium current. It was also shown that the basal and carba chol and angiotensin II stimulated activity of the mutant channel expressed in HEK 293 cells in the whole cell experiments was much higher than that of the wild type channel [4] . The measurement of intra cellular calcium concentration in transfected cells revealed much more intensive increase in calcium concentration in response to carbachol stimulation of the cells transfected with the mutant protein TRPC6
, compared to the cells transfected with the wild type channels. Ion current registration showed that the application of diclofenac (500 µM) caused suppression of the activity of single TRPC6 channels in several minutes. Preincubation with diclofenac also reduced the integral current through the membrane of CHO cells expressing TRPC6 P112Q . Thus, NSAIDs reduce the current both through the wild type TRPC6 channels and through the mutant channel typical for the hereditary form of FSGS.
MATERIALS AND METHODS
Histological examination of glomeruli. The glomer ular morphology typical of FSGS was demonstrated in Dahl SS male rats. The rats of this line are genetically predisposed to high arterial pressure at high sodium content in the feed [20, 21] . The 8 week old rats from the animal facility of the Medical College of Wiscon sin during 2 weeks were fed with a high (4%) salt diet or a normal salt diet (0.4%). As shown previously, this period was sufficient for the formation of hypertension and associated disorders in rat kidney tissues [20, 21] . The rats were euthanized in accordance with the IACUC protocol of the Medical College of Wisconsin. The kidneys were fixed in 10% formalin, embedded in paraffin, and used for preparing 3 µm histological sec tions. After paraffin removal, the sections were stained with Hematoxylin and Eosin; glomerular morphology was examined in a Nikon microscope equipped with a camera [22] . Cell cultures and transfection. The embryonic cells of human kidneys HEK293 were obtained from the Cell Culture Collection of the Institute of Cytology, Russian Academy of Sciences, and cultivated in a DMEM medium containing 10% fetal calf serum (FCS), 2 mM glutamine, and 80 µg/mL gentamicin. The wild type Chinese hamster ovarian (CHO) cells were obtained from the American Type Culture Col lection (ATCC). The CHO cells steadily expressing the М 1 cholinoreceptor were kindly provided by Pro fessor Mark Shapiro (the University of Texas Health Science Center, San Antonio, United States) [23] . Both CHO lines were grown in the DMEM medium with 10% FBS and 1% penicillin-streptomycin. The cells were cultivated at 37°С and 5% СО 2 and reseeded every 48 h. The plasmid encoding the TRPC6 channel gene was kindly provided by Professor Rong Ma (the University of North Texas Health Science Center, Fort Worth, United States) [24, 25] . The plasmid encoding the mutant TRPC6 P112Q was provided by Professor Michelle Winn (Duke University Medical Center, United States) [4] . The HEK 293 or CHO cells were seeded on cover glasses (4 × 4 mm) in 35 mm culture dishes. Cell transfection with 1 µg of the plasmid encoding TRPC6 or TRPC6 P112Q proteins and 0.5 µg of green fluorescent protein (GFP) was performed 24-48 h before the experiments using Polyfect (Qiagen, USA) according to the manufacturer's pro tocol [14] .
Measurements of intracellular calcium ion concen tration. HEK 293 cells were transfected with plasmids containing the TRPC6 or TRPC6 P112Q encoding genes. Immediately before calcium measurement, the cells were incubated with Fura 2AM (5 µM) in the DMEM medium without the serum and antibiotics (Invitrogen, United States) for 30 min at room tem perature in the absence of light.
The cover glasses with the cells were put into a per fusion chamber with the standard Krebs Ringer solu tion (pH 7.3) containing either (mM) 150 NaCl, 6 KCl, 1 MgCl 2 , 10 HEPES, 2 mM CaCl 2 (so called calcium containing solution) or 150 NaCl, 6 KCl, 1 MgCl 2 , 10 HEPES, 0.2 EDTA (calcium free solu tion). Then the chamber was mounted on the table of AxioObserver.Z1 inverted microscope (Carl Zeiss MicroImaging GmbH, Germany) with a Plan Apo chromat ×40/0.95 objective for making measurements. Fura 2AM fluorescence was excited alternately by the light of 340 and 380 nm from an illuminator with a Lambda DG 4 high speed wavelength switcher (Sut ter Instrument Co., USA). Registration process con trol and analysis were performed using AxioVision 4.8.2 software (Carl Zeiss MicroImaging GmbH, Germany).
Image post processing included the subtraction of background fluorescence using the built in functions of the software. At the end of each experiment, the solution in the perfusion camber was replaced with calcium containing solution with 4 Bromo A23187 calcium ionophore ( 
2+
] i was calculated by the formula [26] :
where R is the ratio of Fura 2AM fluorescence inten sities in the given time point at wave lengths of 340 and 380 nm; K d , the constant taken as 224 nM for Fura 2AM; R min , R max are the ratio of Fura 2AM fluores cence intensities at wavelengths of 340 and 380 nm under solution saturation with calcium ions (R max ) and in the absence of calcium ions (R min ); S f2 , S b2 are the Fura 2AM fluorescence intensities during excitation at a wavelength of 380 nm at the maximum concentra tion of bound calcium (S b2 ) and in the absence of cal cium (S f2 ).
Electrophysiology. The activity of TRPC6 channels in CHO cells was studied by the patch clamp method. The experiments were performed using a Nikon Ti S fluorescent microscope. Successfully transfected cells were selected for the channel registration based on the visual control of GFP fluorescence. The TRPC6 mediated current was recorded using glass micropi pettes with a resistance of 8-10 MOhm for single channel and of 2-4 MOhm, for whole cell record ings. The signal was acquired with an Axopatch 200B amplifier, a Digidata 1440 A/D digital converter (1 kHz), and a Clampex 10.2 software package.
The extracellular and pipette solutions for single channel recordings contained (mM): NaAsp, 135; CaCl 2 , 1; HEPES, 10; MgCl 2 , 2; glucose, 10; and NaCl, 126; CaCl 2 , 1.5; HEPES, 10; glucose, 10; respectively; pH 7.4 [17] . The signal was filtered through a 300 Hz Bessel filter. The activity of single channels was estimated as open probability [17] .
Measurements of the whole cell currents through TRPC6 P112Q were performed in CHO cells with a mem brane capacity of ~7 pF, stably expressing M 1 choli noreceptors, under their activation with 100 µM car
bachol. The extra and intracellular solutions con tained (mM): NaCl, 145; KCl, 5; CaCl 2 , 2; MgCl 2 , 1; HEPES, 10; glucose, 10, pH 7.4, and cesium meth anesulfonate, 145; NaCl, 10; Mg ATP, 2; GTP, 0.2; EGTA, 1; CaCl 2 , 0.38; HEPES, 10; pH 7.2; solution osmolarity was equalized with NMDG [2] . Statistical processing of the experiments. The val ues of intracellular calcium ion concentration at every moment of time for individual cells were averaged by the number of cells registered in the experiment (n = [15] [16] [17] [18] [19] [20] . The results are presented as mean values and standard errors. The significance of differences between the groups was determined by the Student's t test; the differences were considered statistically sig nificant at p < 0.05.
RESULTS AND DISCUSSION
Carbachol activates inward calcium current through the TRPC6 channel expressed in HEK 293 cells. The intracellular calcium concentration in response to stimulation with carbachol, the nonspecific choli noreceptor agonist, was measured to verify the func tionality of wild type TRPC6 and its mutant TRPC6 P112Q channels overexpressed in HEK 293 cells. HEK 293 cells transfected with the wild type channel protein TRPC6 were shown to be sensitive to carbachol: intracellular calcium concentration increased during the activation of muscarinic recep tors. This ratio was higher upon application of 4 Bromo A23187 calcium ionophore after carbachol, indicating intensive nonspecific calcium entry, while the replacement of external solution with the calcium free MnCl 2 containing solution resulted in an abrupt drop of Ca 2+ bound to free dye ratio, suggesting suffi cient sensitivity of this method (Fig. 2a) . As is summa rized in Figure 2b , calcium concentration in these cells changed during 2-3 min from 36.7 ± 1.3 nM in the base state to 113.2 ± 4.7 nM under the influence of carbachol. The cells transfected with the TRPC P112Q mutant showed much higher base level of calcium: 68.2 ± 2.6 nM. It corresponds to the previously described properties of this mutant, where the substi tution of proline 112 for glutamine in the TRPC pro tein led to an increase of calcium level in a cell [4] . Carbachol stimulation also induced an increase in [Ca 2+ ] i to 177 ± 2.8 nM (Fig. 2b) , i.e., much higher than the effect of this cholinomimetic in the cells expressing the wild type channel.
The results are in agreement with the published data describing the increase of intracellular Ca 2+ con centration during the stimulation of muscarinic recep tors in HEK 293 cells continuously expressing TRPC6 [27, 28] . It has been shown that carbachol at low concentrations is able to increase the number of channels in the plasma membrane, whereas at higher concentrations there is an intensive increase in [Ca 2+ ] i with the maximum effect at 100 µM of the agonist. At the same time, the higher extracellular calcium con centrations contribute to calcium current reduction, probably due to the sensitivity of TRPC6 to membrane depolarization. It has also been shown that the TRPC6 P112Q mutant induces more intensive growth of intracellular Ca 2+ concentration than the wild type channel during the stimulation with a diacylglycerol analog and angiotensin II [4] .
Diclofenac reduces the activity of single TRPC6 channels. CHO cells were transfected with the plasmid encoding the TRPC6 cDNA to investigate the activity of single channels. Figure 3 shows a typical record of a single wild type TRPC6 channel activity at different transmembrane potentials (Fig. 3a) , as well as its cur rent voltage dependency (Fig. 3b) . Biophysical char acteristics of the registered single channels were simi lar to the characteristics of previously described TRPC6 channels expressed in HEK 293 [29] and CHO cells [30] , as well as the TRPC like channels of podocytes that we have described [17] .
As we have shown earlier, diclofenac and ibuprofen decrease the activity of native calcium channels in the podocytes of isolated rat glomeruli [17] . Diclofenac used in these experiments is a drug of NSAID class and can penetrate through the plasma membrane of cells [31] . The cells expressing transfected TRPC6 channels were treated by diclofenac to show that the effect of NSAID was mediated by TRPC6. It was found that the channel activity substantially decreased in a few minutes after the addition of diclofenac (500 µM) into the chamber but remained invariable in untreated cells. Figure 4a shows two regions of recording the currents in CHO cells transfected by TRPC6 before and after diclofenac application. As one can see from the given example, diclofenac noticeably reduces the open probability of the registered channels observed in the base state. Figure 4a (upper record) shows three discrete levels of the amplitude, i.e., at least three channels are active in the membrane fragment under study, with a rather high open probability. On the con trary, after diclofenac treatment, the open probability of these channels is so low that there is only one dis crete level of amplitude shifting from the zero current line. The channels open so rarely that the simulta neous opening of several channels actually never occurs. probability. Similar effect has been described previ ously for TRPC like channels of the podocytes in freshly isolated rat glomeruli.
Additional arguments in favor of our suggestion that NSAIDs inhibit the TRPC6 channels have been obtained in the experiments where we have shown that the channels previously registered in glomerular podocytes are sensitive to the TRPC specific blocker SKF 96365 [17] and are activated by angiotensin II (unpublished data). Such increase in the current through the podocyte membrane is described in the work showing angiotensin II induced increase in the TRPC6 mediated current in mice with TRPC6 pro tein knockout. These studies suggest specificity of the effect of angiotensin II on these channels [32] . How ever, the cell model with artificial expression of the channel protein more confidently suggests that the effect of diclofenac is mediated by the TRPC6 channel.
It is supposed that TRPC6, together with other channels of the TRP family, can form heteromers with the members of its own subfamily and other subfami lies [33] [34] [35] [36] . There is a possibility that TRPC6 forms a heteromer with other channels, e.g., TRPC3, and the effect of NSAID may be different from the effect on the homomer channel. However, this assumption requires additional study.
Dilofenac reduces TRPC6 P112Q activity. The effect of diclofenac on the activity of the mutant TRPC6 P112Q channel was also studied in an additional set of experiments. Particularly, we performed electro physiological measurements of macroscopic currents through the TRPC6 P112Q channel transfected in the CHO cells stably expressing М 1 cholinoreceptors [23] . Figure 5a shows examples of currents recordings observed under carbachol (100 µM) stimulation of the cells not treated (upper record of the current) and treated with diclofenac during 4 h (lower record). Car bachol was supplied to the perfusion chamber after conversion into whole cell configuration and record ing of the base level of the current. As one can see from Figure 5 , in both cases carbachol, activating М 1 choli noceptors on the entire cell surface and thereby trig gering the intracellular signal cascades, quickly and substantially activates the current. At the same time, the current starts to desensitize upon reaching the peak. The cessation of stimulation results in complete return of the current to the initial level. The inward current profile confirms the sensitivity of this cell line to the effects of cholinomimetics and is similar to the response to carbachol described in HEK 293 cells [4] . As is summarized in the graphs presented in Figure 5b , diclofenac (100 µM) considerably reduced the current through TRPC6
P112Q
: from 209.4 ± 66.6 pA in untreated cells to 61.0 ± 8.9 pA after the treatment.
Thus, we have shown for the first time the influence of NSAIDs on the activity of both wild type TRPC6 and mutant TRPC6
, responsible for development of family focal segmental glomerulosclerosis. The results of our work suggest that NSAIDs are able to reduce the activity of these channels and thereby have a therapeutic effect, which may later on, with certain limitations, be applied in clinical practice. 
